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1. ABSTRACT 

A defining feature of Alzheimer's disease (AD) pathology is the presence of amyloid beta known as A-beta (Ap 
within neuritic plaques of the hippocampus and neocortex of the brain. While early in vitro studies suggested that 
Ap could itself be toxic to neuronal cells, recent studies have indicated that this peptide has both neurotoxic and 
neuroprotective properties that are modulated by the binding of transition metal ions. Transition metal ion binding 
was shown to modulate Ap solubility as well as its hydrogen peroxide production, thereby providing explanations 
for both its trophic and toxic properties. These findings lead to the suggestion that interference with this 
interaction may reverse the neurotoxic properties of Ap. More recently, in wVoand in vitro studies into the effects 
of transition metal chelator treatments on Ap solubilisation and neurological function have been published. Such 
studies have yielded promising results, however the potential side effects of many such metal chelators may 
prove too great for clinical use. It is widely agreed that the ideal chelator for such interdiction would act only on 
those transition metals that complex with Ap, and only at metal ion binding sites that contribute to Ap aggregation 
and reactive oxygen species generation. 

The efficacy of metal chelators in reducing Ap load in transgenic mouse brains demonstrates that this approach 
has considerable merit as a research tool and as a stimulus to develop second generation agents that can 
selectively prevent transition metals from binding to the Ap peptide itself without perturbing the action of other 
important metal requiring biomolecules in the brain. 

2. INTRODUCTION 

Alzheimer's disease (AD) is characterised by the presence of neuritic plaques (senile plaques) and neurofibrillary 
tangles (NFT) in the hippocampus and neocortex of the brain (1,2.3,4). The major protein component of AD 
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suritic plaques is the small 40-43 amino acid peptide amyloid beta or A-beta (Ap) (2.3). While a causal link 
2tween Ap?and the clinical presentation of AD associated dementia has not been proven, a recent study has 
'ovided evidence that Ap?levels increase in the frontal cortex prior to the formation of NFTs and the onset of 
amentia (4). FurthernrKjre. Ap?has shown in many studies, to be inherently toxic to neurons and clonal cell lines 
I culture (5-7). 

.I.APfuncti nasametallopr tein 

)xidative stress is recognised as playing a major role in the pathogenesis of AD (8-9). A{3 can act as an 
nportant pro-oxidant in this process as it is an electrochemicatly active metalloprotein wXh an affinity for 
ansition metals such as copper and zinc (10-19). Ap, unlike nx>st physiological metal chelators known to date, 
; not a hydrophilic but a lipophilic peptide. The structure of Ap contains two major sites that may play a role in its 
Ueraction with metals. The first site consists of three histidine and one tyrosine residue in the hydrophilic N- 
erminal part of the peptide (14-15. 20). These residues are known to efficiently bind transition metal ions, hence 
ley may contribute towards inhibiting metal-catalysed oxidation of biomolecules (14, 21-22). The second site 
onsists of a single methionine residue at position 35 in the lipophilic C-terminal region and may act to both 
cavenge free radicals and reduce metals to their high-active low-valency form (21, 23-27). Ap has. therefore, 
een shown to both chelate and reduce metal ions. 

he highest binding affinity is observed for copper and is comparable to that of the most efficient metal chelators 
nown (15). ^^^^2 demonstrates a higher affinity for Cu^"^ than AP-)^o ^'^^ ^^^^ ^ ^^^^ powerful 
sductant. The highly active reduced metal ions are efficient oxidants and can catalyse further oxidation of 
fiomolecules, for example, through the generation of the highly reactive hydroxyl radical from hydrogen 
►eroxide, a by-product of mitochondrial electron transport and other cellular metabolic reactions (21, 28). It has 
leen demonstrated that this mechanism may play an important role in potentiating the neurotoxic effect of Ap in 
:ell culture (26, 29). 

12. Metal ion involvement in AP related AD pathology 

\part from its neurotoxic properties we have previously denranstrated that Ap can exhibit pronounced anti- 
ipoptotic properties, which, paradoxically, relate to its metal binding capacity and superoxide dismutase (SOD)- 
ike activity (30). At low, nanomolar, concentrations Ap was able to significantly reduce apoptotic DNA 
ragmentation in a corpus luteum organ culture model as well as neuronal cells. Interestingly, Ap-1.42 exhibited a 
nore potent anti-apoptotic action at tow doses than Ap^.40- This is likely to reflect its superior copper binding 
affinity, as the anti-apoptotic effect of Ap was observed to be dependent on copper binding to the peptide. This 
•mding has recently been supported by the work of Kontush. ef al (31). who found that Ap in physiological 
concentrations (0.1-I.OnM) inhibits autooxidation of cerebrospinal fluid (CSF) lipoproteins and low density 
ipoprotein (LDL). However, at increased concentrations of 7.5uM and 10uM, we found the resulting Ap- Cu2* 
:omplex lost it's anti-apoptotic action, and in fact resulted in increased apoptosis (30). 

The superoxide dismutase-like activity of Ap has recently been closely examined by Curtain, ef al (27) who has 
proposed a model that incorporates copper and zinc binding to Ap to generate an allosterically ordered 
membrane-penetrating structure containing SOD-like subuhits. Similarly, Rottkamp and colleagues (32) have 
postulated that the neurotoxicity associated with transition metal ion binding to Ap results from lipoxidation. 
Localized increases in hydrogen peroxide within the lipid bilayer in the vicinity of redox metal ions may explain 
the increased lipoxidation and neurotoxicity associated with Ap:Cu complexes, and the inability of the porrml 
antioxidant enzymes to neutralize the hydrogen peroxide produced at high Ap concentrations. 

It has been suggested that pro-oxidant versus antioxidant activity may be dependent on a balance between 
cellular reductants and antioxidants in the local microenvironment of the senile plaques and NFT (21, 33). A 
recent study using a novel in situ detection system provided evidence for the presence of redox-active transition 
metal bound in NFT and senile plaques (33). Apart from the potential generation of hydroxyl radicals resulting 
from an interaction between Ap and transition metals, other theories for the detrimental effects of transition 
metals in neurodegenerative disorders have been proposed. One study reports that the formation of advanced 
glycation endproducts (AGE) as a result of interaction with glucose or fructose and synthetic Ap is accelerated by 
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rT:icromolar amounts of coper and iron ions (34). The formation of these high- molecular-mass Ap oligomers was 
prevented by capping agents of amino groups, redox-inactive metal chelators and antioxidants. Any mechanism 
that promotes Ap aggregation and deposition may be an important contributor to AD pathology. Similarly, 
another study reports an observation that human Ap appears to lose histldine residues as the potential result of 
copper oxidation (16). Modifications of the primary structure of Ap nf\ay lead to changes in its physiological 
activity. It is conceivable that transition-metal mediated oxidation of the Ap peptide itself may contribute to the 
role Ap plays in AD pathology. 

The loss of anti-apoptotic activity and observation of oxidative effects with increasing doses of Ap (30, 31) is not 
necessarily in dissonance with the observed protective anti^pototic effect at low doses. In fact Chan, et al (30) 
proposed a model in which Ap at low doses complements the actions of intracellular SOD in the brain and may 
present one reason for increased Ap production after head injury (35-37). Pathological effects resulting from the 
SOD like activity of Ap are likely to occur only if at some threshold level of Ap the generation of intracellular 
hydrogen peroxide exceeds the capacity of peroxidases to remove it. This scenario would lead to increased 
hydroxyl radical formation resulting in cell damage and death (30), This proposition is in accord with findings 
from numerous studies linking Ap, copper and other metals to AD and other degenerative disorders (for recent 
reviews see 32. 38-40). Therefore, the regulation of Ap interaction with transition metals may represent a valid 
and successful strategy for therapeutic intervention. Accordingly, a recent focus for AD treatment strategies 
centres around the principle of depleting levels of transition metal ions which through an interaction with Ap may 
lead to oxidative stress. 

3. CHELATION AS A POTENTIAL TREATMENT? 

Not surpnsingly, with the constant stream of new knowledge about transition metal-protein interactions emerging 
from laboratories all over the world, there has been a rush to utilize this knowledge for the development of new 
treatment strategies for disorders in which oxidative stress plays an underlying role. In this section we 
summarize the in vitro and in vivo studies demonstrating the effectiveness of chelators In the treatment of 
disorders involving metalloproteases, Including AD. 

3.1. /n Wfro studies 

Given the conclusions drawn from these studies, for the therapeutic dissolution of Ap from plaques, the most 
appropriate chelating agents should be relatively selective for Cu^''' and possibly Fe^"*" and Zn^*, but should not 

sequester Mg^"^ or Ca^"*" or other essential trace metals and should be selectively active at the sites of the 
cerebral amyloid masses (41). Indeed, the laboratory of Bush and colleagues together with our laboratory has 
successfully demonstrated that the use of metal chelators can solubilize Ap from post-mortem AD brain tissue 
(41.42.43). 

V\te demonstrated an enhanced solubilisation of Ap from human and murine brain tissue by the employment of 
the metal ion chelator TPEN (N,N.N' ,N' -tetrakis(2-pyridylmethyl) ethytenediamine) and the chelator/antioxidant 
1.2-dithiolane-3-pentanoic acid (a-lipoic acid) in a dose dependant manner (43) (Figure 1). Clinical and 
experimental studies have already shown that the powerful antioxidant action of a-lipoic acid may be of benefit in 
ameliorating diabetic pathologies (44). These studies have provided evidence that chelators can disrupt the 
interaction of transition metal ions with Ap and demonstrate the potential therapeutic role of metal chelators in 
the treatment of AD. Interestingly, a very recent study has provided evidence to show that AGE inhibitors may 
assert their activity primarily through their chelating or antioxidative properties rather than their carbonyl trapping 
activity (45). This is significant, as it suggests that removal of metal ions could potentially have wider reaching 
beneficial effects than just the abolishment of their direct interaction with the Ap peptide. 

3.2. In vivo studies 
3.2.1 Animal 

A number of studies support the use of metal chelators for therapeutic intervention in AD. A study utilising New 
Zealand white rabbits showed that desferrioxamine (DFO), a chelator with affinities for aluminium, iron and 
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(jopper. could largely prevent the neurotoxic effects of intracerebral injections of aluminium and even partially 
reverse neurofibrillary degeneration (46). Further work by this group showed that the extensive neurofibrillary 
degeneration observed in rabbits tr ated with aluminium was immunoreactive for a number of antibodies that 
stain NFT confirming the relevance of this model to AD pathology (47). A decade earlier it had been 
demonstrated that DFO could enter the small intestinal mucosa, bind intracellular iron, and block the absorption 
of inorganic iron, tranferrin iron and haemoglobin iron in both a rat model and human volunteers, thus indicating 
that DFO treatment may be useful for iron depletion, in the case where aluminium would not be considered to 
make a significant contribution to AD pathology (48). 

Other compounds which have resulted in significantly increased secretion of iron in the mouse, rat or rabbit 
models include orally active alpha-ketohydroxy puridine iron chelators such as 1,2-dimethyl-3-hydroxy pyrid-4- 
one (L1) and 1-ethyl-2-methyl-3-hydroxy pyrid4-one (L1-NEt) (49. 50) as well as phenolic ethyjenediamlne 
derivatives including N,N' -ethylene-bis(o-hydroxyphenylglycine) (EHPG). N,Nr -Bis(o-hydroxybenzyl)- 
ethylenediamine diacetic acid (HBED). and their respective dimethyl esters (dmEHPG and dmHBED) (51). 

Most recently, a study using a transgenic mouse model of amyololdosis found a 49% decrease in brain Ap 
deposition in a blinded study of ApPP2576 transgenic mice (a model for AD) treated orally with the bioavailable 
Cu/Zn chelator, Clioquinol. No change in APP, synaptophysin or glial fibrillary acidic protein was observed 
suggesting that the treatment did not result in obvious major disturbances of the brain cellular environment (42). 
This study supports the role of metal ion interactions with Ap in the pathophysiology of AD. 

3.2.2 Human 

An early study with rhodotorulic acid (RA) showed effectiveness in both animals and humans but human subjects 
experienced local inflammatory reactions at sites of intramuscular and subcutaneous injections. An increased 
excretion of zinc caused the authors to suggest that RA may be best used as a second line drug (52). Over a 
decade ago, a two year, single-blind study investigated the progression of dementia after administration of 
desferrioxamine (DFO) (53). The hypothesis behind the study was that DFO may reverse dementia induced by 
aluminium toxicity. Twice daily intramuscular injections of DFO were administered to a randomly assigned test 
group selected from 48 AD patients. A control group was given a lecithin placebo, while a further control group 
received no treatment. While no differences in the rate of deterioration were observed between the two control 
groups over the 24 month period, the DFO treatment resulted in a significant reduction in the rate of decline of 
daily living skills in the test group (53). This led the authors to conclude that sustained administration of DFO 
may, indeed, be a useful approach to slow down the clinical progression of AD dementia. 

More recently, as a result of the studies discussed in the above sections, focus has shifted towards the removal 
of copper from the brain. Clioquinol (5-chloro-7-iodo-8-hydroxyquinoline), a chelator that can cross the blood 
brain barrier and is specific for certain transition metal ions, including copper and zinc, was tested in 20 AD 
patients (54). It was administered for 21 days at doses of 20 mg/day to 10 patients and 80 mg/day to the 
remaining 10 patients. This was an open study, blind to the dosages but not including controls. An observation 
was made that after day seven, cerebrospinal (CSF) Tau protein and growth associated protein (GAP43) were 
elevated, but decreased again at day 21. It was proposed that the rise and fall in the CSF levels of these proteins 
may have been due to an increased release into the CSF from tissue stores such as senile plaques. This was 
substantiated by the finding that CSF-Tau protein levels correlated positively and significantly with the serum 
copper levels and serum copper/zinc ratio. Furthermore, individuals showed significant improvement in certain 
cognitive functions after 21 days of treatment with clioquinol. However, the effectiveness of the treatment 
remains to be determined in future trials in which it would be advisable to include control groups and extend the 
duration of treatment (54). 

4. Important considerations in chelator therapy 

When removing metal ions from the body there are some obvious considerations that must be taken into account 
to protect the individual being treated. If the levels of certain metals are decreased excessively below 
recoririmended levels, severe physiological side effects may result. It is also important to identify the most 
important metat(s) involved in the pathology and to find chelators specific for those metal ions. Ideally, the 
depletion of metals should be localised to the site of pathology without a systemic depletion of metal ion 
concentrations. Finally, a prerequisite for successful treatment with any chelator will be the requirement for low 
toxicity and minimum side effects of the drug itself. 
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The candidate chelators discussed in this review have been chosen because they are considered to nneet the 
above-mentioned critena to appreciable degrees. However, there remains roonn for the development of better 
alternatives. Clioquinol, for example, which was originally used as an antimicrobial agent, has been shown to 
produce severe side effects in the central nervous system (CNS) if taken in chronic high doses. As a result of the 
chronic high dose usage of clioquinol, perhaps coupled with a low B12 status, individuals presented with 
subacute myelo-optic neuropathy (SMON). This disorder is characterized by peripheral neuropathy and 
blindness that affected 10,000 patients in Japan, and resulted in the drug being removed from the market. It has 
recently been reported that the toxicity of clioquinol may have been a direct result of its binding to zinc to form a 
cytotoxic zinc chelate with a primary effect on mitochondria (55). This illustrates the importance of establishing 
not only a low toxicity of the drug considered for treatment but also for potential complexes it may form after 
administration. Furthermore, it appears that clioquinol may affect the homeostasis of vitamin B^2 ^^^^^ (S^- 
57) The mechanism of action, however, does not appear to occur through a sequestering of cobalt ions by 
clioquinol. Rather, a decrease of vitamin B^2 levels in the blood and the brain was observed in concord with a 

decrease of S-adenosylmethionine (SAM) levels (56, 57). Therefore, clioquinol may have additional side effects 
apart from those related to its known chelating activity for certain metals. Hence it would be wise to thoroughly 
investigate the full spectrum of activity of this drug and conduct longitudinal trials of both its safety and 
effectiveness, before considering it as a first line treatment option. 

Further evidence of the need for ligand-specific metal ion chelators for reversal of AD neuropathology is 
presented by three recent studies on the role of zinc in A(3 aggregation and toxicity. Studies by Atwood and 
colleagues (15) demonstrated that there was an antagonistic relationship between Cu^^ and Zn^"^ binding to Ap 
that was modulated by pH. in this connection, Suzuki, et al (58) recently reported that Cu^"*" competes with Zn2+ 
for binding to Ap, thereby inhibiting Zn^'^-induced Ap aggregation. In addition, Cuajungco, ef al (29) 
demonstrated that co-incubation of redox-inert Zn^*^ with Ap and Cu^"^ rescued primary cortical and human 
embryonic kidney 293 cells from the hydrogen peroxide induced damage resulting from Cu^"*": Ap interactions. 
Therefore while Zn^**" may be capable of inducing Ap aggregation, the above findings suggest a protective role 
for Zn^"^ in the presence of copper. Cuajungco and colleagues propose a model of redox-silencing through 
entombment of Ap by zinc, contrary to their earlier hypothesis (10). These results further suggest that chelators 
that are not specific for copper (or iron or aluminium) but also bind zinc, may reduce the protective effects of 
Zn^^, thereby defeating their intended purpose and potentially inducing harmful side effects. 

Apart from considering only the chelators themselves, it is also important to pay attention to other factors 
involved in oxidative stress production. It has been demonstrated that increased copper and/or homocysteine 
levels could promote significant oxidative damage to neurons, as homocysteine was found to reduce Cu^"^ more 
effectively than cysteine or methionine and was shown to promote Ap/Cu-mediated hydrogen peroxide 
production and neurotoxicity (59). This implies that a treatment strategy designed to control levels of metals as 
well as levels of homocysteine might be more successful than metal chelator treatment alone. It is also important 
to take advantage of chelators that act through more than just one mechanism. The compound bathocuproine, 
for example, was found to interact with Ap to form a complex independent of the presence of copper, as well as 
being able to chelate copper, and thus contribute to solubilizing Ap through a dual mechanism of action (60). 
Likewise, a-lipoic acid has both chelator properties desirable for Ap solubilisation (43) and antioxidant properties 
(61). A successful treatment strategy may well involve a combination of several approaches for both the 
solubilisation and inhibition of redox properties of Ap in AD brain tissue. 

5. PERSPECTIVE AND FUTURE DIRECTIONS 

Human trials are already being conducted to evaluate the usefulness of transition metal chelators in the therapy 
of AD. The most important principles to remember for future development of therapeutic chelating agents are: 
The agent should be effective in chelating metals such as copper, aluminium (and possibly iron) but should not 
deplete the CNS or the body of zinc, calcium or magnesium. Careful administration of the agent should ensure 
that the normal physiological levels of any trace metal is not compromised. An agent that is site specific and 
depletes metals in the microenvironment where the pathology is located is likely to produce less wide spread 
side effects than one that acts systemically. In this respect, the agent must be hydrophobic in order to cross the 
blood-brain-barrier Most importantly, any agent used for sustained treatment over longer periods of time must 
have no severe or cumulative detrimental effects for the patient. 
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ht is likely that the experts In the field will pursue different avenues. Some valid approaches may include carefully 
monitored and strictly controlled administration of agents with similar properties to clioquinof Combination 
therapies may be developed in order to obtain optimum reduction of oxidative stress, such as simultaneous 
treatment with chelators and antioxidants, or the use of chelator antioxidants such as a-lipoic acid. Combination 
therapies may also be required for assisting In the clearance of the toxic Ap soiubillsed from plaques and smaller 
aggregates. Compounds such as bathocuproine with multiple actions on Ap solubility may prove beneficial in this 
regard but must await further evaluation. 

Our current knowledge about Ap aggregation and plaque formation, however, has allowed us to speculate on the 
optimum characteristics of an agent required for specific dissolution of amyloid plaques in AD brains without 
adverse effects. Therefore, it will be our goal to find or develop an agent that will block the metal binding capacity 
of Ap, without affecting intra- and extracellular metal ion concentrations. In any case, results from current trials 
will soon reveal the future prospects for metal chelators and related compounds in the treatment o 
neurodegenerative disorders such as AD. 

6. REFERENCES 

1. Giannakopoulos. P.. P.R. Hof. JP. Michel, J. Guimon, & C. Bouras: Cerebral cortex pathology in aging and 
Alzheimer's disease: a quantitative survey of large hospital-based geriatric and psychiatric cohorts. Brain Re 
Rei' 25, 217-245(1997) 

2. Glenner, G.G. & C.W. Wong: Alzheimer's disease: initial report of the purification and characterization of a 
novel cer brovascular amyloid protein. Biochem Biophys Res Commun 120, 885-890 (1984) 

3. Masters, C.L.. G. Simms. N.A. Wfeinman, G. Multhaup, B.L. McDonald & K. Beyreuther: Amyloid plaque core 
protein In Alzheimer disease and Down syndrome. Proc Natl Acad Sci USA 82, 4245-4249 (1985) 

4. Naslund, J., V. Hsroutunian, R. Mohs, K.L Davis. P. Davies, P. Greenard & J.D. Buxbaum: Correlation 
between elevated leveis of amyloid b-peptide in the brain and cognitive decline, JAMA 283, 1571-1577 (2000) 

5. Yankner, B.A., L.K. Duffy, & D A. Kirschner: Neurotrophic and neurotoxic effects of amyloidp protein: reversal 
by tachykinin neuropeptides. Sc/ence 250, 279-282 (1990) 

6. Pike, C.J., A.J. V\feilencewicz, C.G. Glabe, & C.W. Cotman: Aggregation related toxicity of synthetic p-amyloid 
protein in hippocampal cultures. Eur J Pharmacol 207, 367-368 (1 991) 

7. MP. Mattson: Cellular actions of beta-amyloid precursor protein and its soluble and ftbrillogenic derivatives. 
Physiol Rev 77. 1081-1082 (1997) 

8. Smith, M.A., S. Taneda, P.L. Richey, S. Miyata, S.-D, Yan, D. Stern, L,M. Sayre, V.M, Monnier, & G. Perry: 
Advanced Maillard reaction end products are associated with Alzheimer disease pathology. Proc Natl Acad Sci 
USA 91. 5710-5714(1994) 

9. Smith, M.A., K. Hirai, K. Hsiao, M.A. Pappolla, P.LR. Harris, S.L. Siedlak, M. Tabaton & G. Perry: Amyloid 
beta deposition in Alzheimer transgenic mice is associated with oxidative stress. J Neurochem 70, 2212-2215 
(1998) 

10. Bush. A.I.. WH. Pettingell. G. Multhaup. M. Paradis, J. P. Vonsattel, J.R Gusella, K. Beyreuther & C.L. 
Masters: Rapid induction of Alzheimer A beta amyloid formation by zinc. Science 265, 1464-1467 (1994) 

11. Bush, A.I., W.H. Jr Pettingell. M.D. Paradis & R.E. Tanzi: Modulation of A beta adhesiveness and secretase 
site cleavage by z\nc. J Biol Chem 269, 12152-12158 (1994) 

12. Bush, A.I., R.D. Moir, K.M. Rosenkranz 8i R.E, Tanzi: Zinc and Alzheimers Disease - Response. Science 268, 
1921-1923(1995) 



http://www.bioscience.Org/2002/v7/d/gnjec/2.asp? 08/19/2002 

ncj_nnp 71/on j »c7_i nccn7Cfoi7 uinwiQ3ftMt uovvacqy iui:ujojj qc:o\ 7n-Ri-nnv 



13. Huang. X . C.S. Atwood, R.D. Moir, M.A. Hartshorn, J. P. Vonsattel. R.E. Tanzi & A.I. Bush: Zinc-induced 
Alzheimer's Abeta1-40 aggregation is mediated by conformational factors. J Biol Chem 272, 26464-26470 (1997) 

14. Atwood, C.S., R.D. Moir. X. Huang, R.C. Scarpa, N.M. Bacarra, D.M. Romano, M.A. Hartshorn. R.E, Tanzi & 
A.I. Bush: Dramatic aggregation of Alzh imer abeta by Cu(ll) is induced by conditions representing physiological 
acidosis. J Biol Chem 273. 12817-12826 (1998) 

15. Atwood. C.S., R.C. Scarpa, X. Huang, R.D. Moir. W.D. Jones. D P. Fairlie, R.W. Tanzi & A.I. Bush: 
Characterization of copper interactions with alzheimer amyloid beta peptides: identification of an attomolar-affinity 
copper binding site on amyloid beta1-42. J Neurochem 75, 1219-1233 (2000) 

16. Atwood, C.S.. X. Huang, A. Khatri. R.C. Scarpa. Y.S. Kim, R.D. Moir. R.E. Tanzi, A.E. Roher & A.I. Bush: 
Copper catalyzed oxidation of Alzheimer Abeta. Cell Mol Biol 46. 777-783 (2000) 

17. Smith, M.A., C.A. Rottkamp, A. Nunomura, A.K. Raina & G. Perry: Oxidative stress in Alzheimer's disease 
Biochim Biophys Acta 1502, 139-44 (2000) 



18. Markesbery, W.R: Oxidative stress hypothesis in Alzheimer's disease. Free Radio Biol Med 23, 134-147 
(1997) 

19. Lynch, T.. R.A. Cherny & A,!. Bush: Oxidative processes in Alzheimer's disease: the role of abeta-metal 
interactions. Exp Gerontol 35, 445-451 (2000) 

20. Miura. T.. K. Suzuki, N. Kohata & H. Takeuchi: Metal binding modes of Alzheimer's amyloid beta-peptide in 
insoluble aggregates and soluble complexes. Biochemistry 39, 7024-7031 (2000) 

21. Kontush. A.; Amyloid-beta: an antioxidant that becomes a pro-oxidani and critically contributes to Alzheimer' 
disease. Free Radio Biol Med , 1120-1131 (2001) 

22. Lovstad. R.A.: Copper catalyzed oxidation of ascorbate (vitamin C). Inhibitory effect of catalase, superoxide 
dismutase, serum proteins (ceruloplasmin, albumin, apotransferrin) and amino acids. MJ Biochem 19, 309-313 
(1987) 

23. Unnikrishnan. M.K. & M.N. Rao: Antiinflammatory activity of methionine, methionine sulfoxide and methionine 
sulfone. Agents Actons 31, 110-112(1990) 

24. Hiller, K.O. & K.D. Asmus: TI2+ and Ag2+ metal-ion-induced oxidation of methionine in aqueous solution. A 
pulse radiolysis study. Int J Radiat Biol Relet Stud Phys Chem Med 40. 597-604 (1981) 

25 Huang, X., M.P. Cuajungco, C.S. Atwood, M.A. Hartshorn, J.D. Tyndall, G.R. Hanson, K.C. Stokes, M. 
Leopold. G. Multhaup, L.E. Goldstein, R.C, Scarpa, A.J: Saunders. J. Lim, R.D. Moir, C. Giabe, E.F. Bowden, 
C.L. Masters. D.P. Fairlie, R.E. Tanzi & A.I. Bush: Cu(ll) potentation of alzheimer abeta neurotoxicity. Correlation 
with cell-free hydrogen peroxide production and metal reduction. J Biol Chem 274, 37111-37116 (1999) 

26 Huang, X., C,S. Atwood, M.A. Hartshorn, G. Multhaup, L.E. Goldstein, R.C. Scarpa, M.P. Cuajungco. D.N. 
Gray, J. Lim, R.D. Moir, R.E. Tanzi & A.L Bush: The A beta peptide of Alzheimer's disease directly produces 
hydrogen peroxide through metal ion reduction. Biochemistry 3B, 7609-7616 (1999) 

27. Curtain. C.C., F. All, I. Volitakis, R.A. Cherny, R.S. Norton, K. Beyreuther, C.J. Barrow, C.L. Masters. A.I. 
Bush & K.J. Barnham: Alzheimer's disease amyloid-beta binds copper and zinc to generate an allosterically 
ordered membrane-penetrating structure containing superoxide dismutase-like subunits. J Biol Chem 276, 
20466-20472(2001) 

28. Cadenas. E. & K J. Davies: Mitochondrial free radical generation, oxidative stress, and aging. Free Radio Biol 
Med 29. 222-230 (2000) 



http://www.bioscience.Org/2002/v7/d/gnjec/2.asp? 08/19/2002 

nR;-aor 7\/fif\ A ;r7-i nFPn7c;Qi7 ikii«k^ami MnMv:i<;q>i ^wiruioj-i nn:;i ;n-fii-nnv 



39 Cuajungco, M P., L.E. Goldstein, A. Nunomura. M.A. Smith. JT. Lim, C.S. Atwood, X. Huang, Y.W. Farrag. G. 
Perry & A.I. Bush: Evidence that the beta-amyloid plaques of Alzheimer's disease represent the redox-silencing 
and entombment of abeta by zinc. J Biol Chem 275, 19439-19442 (2000) 

30. Chan, C.-W., A. Dharmarajan, C.S. Atwood, X. Huang, R.E. Tanzi, A.L Bush, & R.M. Martins: Anti-apoptotic 
action of Alzheimer A(5. Alzheimer's Reports 2. 113-1 19 (1999) 

31. Kontush, A.. C. Berndt, W. Weber, V. Akopyan, S. Arit, S. Schippling & U. Beisiegel: Amyloid-beta is an 
antioxidant for lipoproteins in cerebrospinal fluid and plasma. Free Radio Biol Med 30, 119-128 (2001) 

32. Rottkamp, C.A., A. Nunomura, A.K. Raina, L.M. Sayre, G. Perry & M.A. Smith: Oxidative stress, antioxidants, 
and Alzheimer disease. Alzheimer Dis Assoc Disord 14(Suppl 1), S62-S66 (2000) 

33. Sayre, L.M., G. Perry, P.L. Harris. Y. Liu, K.A. Schubert & M.A. Smith: In situ oxidative catalysis by 
neurofibrillary tangles and senile plaques in Alzheimer*s disease: a central role for bound transition metals. 
Neurochem 74, 270-279 (2000) 

34. Loske, C, A. Gerdemann, W. SchepI, M. V\Vcislo. R. Schinzel. D. Palm. P. Riederer & G. Munch: Transition 
metal-mediated glycoxidation accelerates cross-linking of beta-amyloid peptide. Eur J Biochem 267, 4171-4178 
(2000) 

35 Graham, D.I., S.M. Gentleman, A. Lynch, & G.W. Roberts: Distribution of beta-amyloid protein in the brain 
following severe head injury. Neuropathol AppI Neurobiol 21 , 27-34 (1995) 

36. Roberts, G.W., S.M. Gentleman. A, Lynch. L Murray, M. Landon & D.I. Graham; Beta amyloid protein 
deposition in the brain after severe head injury: implications for the pathogenesis of Alzheimer's disease. J Neurol 
Neurosurg Psychiatry 57, 41 9-425 (1 994) 

37 Roberts, G.W., S.M, Gentleman, A. Lynch & D.I. Graham: Beta A4 amyloid protein deposition in brain aiter 
head trauma, Laricet 336. 1422-1423 (1991) 

38. Bush, A.L & L.E. Goldstein: Specific metal-catalysed protein oxidation reactions in chronic degenerative 
disorders of ageing: focus on Alzheimer's disease and age-related cataracts. Novartis Found Symp 235, 26-38; 
discussion 38-43 (2001) 

39. Rotilio. G-. M.T. Carri, L. Rossi & M.R. Ciriolo: Copper-dependent oxidative stress and neurodegeneration 
/(78/We L/fe 50. 309-314 (2000) 

40. Strausak. D . J.F. Mercer, H.H. Dieter, W. Stremmel, & G: Multhaup: Copper in disorders with neurological 
symptoms: Alzheimer's, Menkes, and Wilson diseases, flra/n Res Bull 55, 175-185 (2001) 

41. Cherny, R.A., J.T. Legg, C.A. McLean. D P. Fairlie, X. Huang, C.S. Atwood, K. Beyreuther. R.E. Tanzi, C.L. 
Masters & A.I. Bush: Aqueous dissolution of Alzheimer's disease Abeta amyloid deposits by biometal depletion. 
8/0/ Chem 274, 23223-23228 (1999) 

42. Cherny, R.A.. C.S. Atwood, M E. Xilinas, D.N. Gray, W.D. Jones, C.A, McLean, K.J. Barnham, 1. Volitakis. 
F.W. Fraser, Y. Kim, X. Huang. L.E. Goldstein. R.D. Moir, J.T. Lim. K. Beyreuther, H. Zheng, R.E. Tanzi. C.L 
Masters & A.I. Bush: Treatment with a copper-zinc chelator markedly and rapidly inhibits beta-amyloid 
accumulation in Alzheimer's disease transgenic mice. Neuron 30, 665-676 (2001) 

43. Fonte, J., J. Miklossy. C.S. Atwood & R.M Martins: The severity of cortical Alzheimer's type changes is 
positively correlated with increased amyloid-(l levels: Resolubilization of amyloid-fi with transition metal ion 
chelators. Journal of Alzheimer's Disease 3, 209-21 9 (2001 ) 

44. Packer, L.. K. Kraemer & G. Rimbach: Molecular aspects of lipoic acid in the prevention of diabetes 
complications. Nutrition 17. 888-895 (2001) 



http://www.bioscience.Org/2002/v7/d/gnjec/2.asp? 08/19/2002 



nc »_anr 7 1 /n t ■ j » C7_i 



nccn7C 1 7 



tMiwKqAMt u'^jivqc^jj ^ui:uioj-i 00: M 7n-Rf-nnv 



45 Price. D L.. P.M Rhett, S.R.Thorpe, & J.W. Baynes: Chelating activity of advanced glycation end-product 
(AGE) inhibitors. J Biol Chem 276, 48967-48972 (2001 ) 

46. Savory. J., M.M. Herman, R.T. Erasmus. J.C. Boyd & M.R. Wills: Partial reversal of aluminium-induced 
neurofibrillary degeneration by desferrioxamine in adult male rabbits. Neuropathol AppI Neurobiol 20, 31-37 
(1994) 

47. Savory, J., Y. Huang. M.R. Wills, & M.M. Herman: Reversal by desferrioxamine of tau protein aggregates 
following two days of treatment in aluminum-induced neurofibrillary degeneration in rabbit: implications for clinical 
trials in Alzheimer's disease. Neurotoxicology 19, 209-214 (1998) 

48. Levine, D.S,. H.A. Huebers. C.E. Rubin, & C.A. Finch: Blocking action of parenteral desferrioxamine on iron 
absorption in rodents and men. Gastroenterology 95, 1242-1248 (1988) 

49. Kontoghiorghes, G.J. & A.V. Hoffbrand: Orally active alpha-ketohydroxy pyridine iron chelators Intended fo 
clinical use: in vivo studies in rabbits. Br J Haematol 62, 607-613 (1986) 

50 G.J. Kontoghiorghes: Orally active alpha-ketohydroxypyridine iron chelators: studies in mice. Mol Pharmacol 
30.670-673 (1986) 

51 Hershko, C. R.W. Grady & G. Link: Phenolic ethyfenediamine derivatives: a study of orally effective iron 
chelators. J Lah Clin Med 103. 337-346 (1984) 

52. Grady, R.W,, CM. Peterson. R.L. Jones, J.H. Graziano, K.K. Bhargava, V.A. Berdoukas, G. Kokkini, D. 
Loukopoulos & A. Cerami: Rhodotorulic acid-investigation of its potential as an iron-chelating drug. J Pharmacol 
Exp Ther 209. 342-348 (1 979) 

53. Crapper McLachlan. D.R., AJ. Dalton, T.P. Kruck, M,Y. Bell, W.L Smith, W. Kalow & D.F. Andrews: 
Intramuscular desferrioxamine in patients with Alzheimer's disease. Lancet 337, 1304-1308 (1991) 

54. Regland. B., W. Lehmann, I. Abedini, K. Blennow, M. Jonsson, I. Karlsson, M. Sjogren, A. Wallin, M. Xilinas & 
C.G. Gottfries: Treatment of alzheimer's disease with clioquinol. Dement Gehatr Cogn Disord 12, 408-414 (2001) 

55. Arbiser, J.L.. S.K. Kraeft, R. van Leeuwen, S.J. Hunwitz. M. Selig, G.R. Dickersin, A. Flint, H^R. Byers & L.B. 
Chen: Clioquinol-zinc chelate: a candidate causative agent of subacute myelo-optic neuropathy. Mol Med 4, 665 
670(1998) 

56. Yassin, M.S., J. Ekblom. M. Xilinas, C.G. Gottfries & L. Oreland: Changes in uptake of vitamin B(12) and 
trace metals in brains of mice treated with clioquinol. J Neurol Sci 173, 40-44 (2000) 

57 Yassin, M.S., J. Ekblom, C. Lofberg & L. Oreland: Transmethylation reactions and autoradiographic 
distribution of vitamin B12: effects of clioquinol treatment in mice. Jpn J Pharmacol 78. 55-61 (1998) 

58. Suzuki, K., T. Miura & H. Takeuchi: Inhibitory effect of copper(ll) on zinc(ll)-induced aggregation of amyloid 
beta-peptide. Biochem Biophys Res Common 285, 991-996 (2001) 

59 White. A.R.. X. Huang. M.F. Jobling, C.J. Barrow, K. Beyreuther, C.L. Masters, A.I. Bush & R. Cappai: 
Homocysteine potentiates copper- and amyloid beta peptide-mediated toxicity in primary neuronal cultures: 
possible risk factors in the Alzheimer's-type neurodegenerative pathways. J Neurochem 76. 1509-1520 (2001) 

60. Cherny, R.A., K.J. Barnham, T. Lynch, I. Volitakis. Q.X. Li. C.A. McLean, G. Multhaup, K. Beyreuther, R.E. 
Tanzi, C.L. Masters & A.I. Bush: Chelation and intercalation: complementary properties in a compound for the 
treatment of Alzheimer's disease. J Struct Biol 130. 209-216 (2000) 

61. Biewenga, G.P., G.R. Haenen & A. Bast: The pharmacology of the antioxidant lipoic acid. Gen Pharmacol29, 
315-331 (1997) 



http://www.bioscience.org/2002/v7/d/gnjec/2.asp? 08/1 9/2002 

nc"_nnr 7i/(i -j ic7_i nccn7CJoi7 imuwiiciami uniiw:iciM luittuojj in: M 7n-(;i-nnv 



;ey Words: Alzheimer's disease, Amyloid, Chelator, ClioquinoL Treatment, Upoic Acid, Transgenic. Copper, 
i'ric, Transition Metal, Review 

lend correspondence to: Dr Ralph N Martins. McCusker Foundation for Alzheimer's Disease Research, 
Iniversity of Western Australia. University Department of Psychiatry. Hollywood Private Hospital. Nedlands. 
009. Western Australia, Tel: +61-08-9346 6703 or +61-08-9346 6656. Fax; +61 8 9346 6666 E-mail: 

nartinsOcyllene. uwa.ed u.au 



http://www.bioscience.Org/2002/v7/d/gnjec/2.asp? 08/19/2002 



This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not Hmited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

: •• COLORED PHOTOS . . . ; 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 

IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



Entrez-PubMed 




Pubi^ed 



Page 1 of 1 



National 
libraiy 
of Medldne 




Entrez 



PubMed 



Nucleotide 



Protein 



Genome 



Structure 



PMC 



Books 



Search I PubMed 



for 



About Entrez 



Text Version 

Entrez PubMed 
Overview 
Help I FAQ 
Tutorial 

New/Noteworthy 
E-Utilities 

PubMed Sen/ices 
Journals Database 
MeSH Database 
Single Citation Matcher 
Batch Citation Matcher 
Clinical Queries 
LinkOut 
Cubby 

Related Resources 
Order Documents 
NLM Gateway 
TOXNET 
Consumer Health 
Clinical Alerts 
ClinicalTrials.gov 
PubMed Central 

Privacy Policy 



Limits 



Abstract 



Preview/Index History Clipboard 

Show: |20 HiSort M | 



Details 



□ l: Toxicon. 1997 Jul;3 5(7): 1089-100. 
[eTSB VIE R| 



Related Articles, Links 



FULL-TEKT ARTICLE 



Protection by tlie lieavy metal clielator N,N,N',N*-tetralds (2-pyridylmetliyl) 
ethylenediamine (TPEN) against ttie letlial action of botulinum neurotoxin A 
and B* 

Adier M, Dinterman RE, Wannemacher RW. 

Neurotoxicology Branch, U.S. Army Medical Research Institute of Chemical Defense, Aberdeen 
Proving Ground, MD 21010-5425, USA. 

The ability of N,N,N',N'-tetrakis (2-pyridylmethyl)-ethyenediamine (TPEN) to protect against 
botulinum neurotoxin (BoNT) A and B was examined in vivo in mice. To detennine the protective 
efficacy of TPEN, mice were injected i.p. with TPEN as a single bolus or as multiple injections 30 
min before and 0, 2, 4 and 6 hr following i.v. challenges with BoNT-A or -B. TPEN treatment did 
not alter the 24 hr lethality of BoNT but did produce a significant delay in the time to death. For a 
moderate dose of serotype A (20 LD50), five divided doses of TPEN prolonged the time to death 
from 7.8 +/- 0.4 hr to 9.9 +/- 0.5 hr. For serotype B, examined under comparable conditions, the 
prolongation of the time to death was from 6.1 +/- 0.2 hr to 9.4 +/- 0.6 hr. The range of TPEN doses 
that could be examined in vivo was limited by its acute toxicity. Although low doses of TPEN (< or 
= 10 mg/kg) were well tolerated, higher doses (> or = 30 mg/kg) led to ataxia, loss of coordination, 
convulsions and death in 20.3 min or less. In clonal NG108-15 cells, TPEN was found to produce 
cytotoxicity as revealed by increases in the secretion of the marker enzyme lactate dehydrogenase 
(LDH), and enhanced reactivity with the vital dye trypan blue. From LDH concentration-response 
data determined 24 hr after addition of TPEN, the threshold concentration for observing cytotoxicity 
was 10 microM and the IC50 was 19.8 microM. At the highest TPEN concentration tested (100 
microM), cytotoxicity was detected 8 hr after TPEN addition and increased in severity over a 3 day 
period. The cytotoxicity in NO 108- 15 cells appears to be distinct from the rapid-onset toxicity 
observed in whole animals. These results suggest that TPEN may be of potential benefit in delaying 
the lethal actions of BoNT-A and -B, but its use is limited by its initial and delayed toxicity. Since 
the therapeutic and toxic actions of TPEN are both related to zinc chelation, the use of TPEN would 
need to be restricted to low doses as part of a combination therapy. 

PMID: 9248007 [PubMed - indexed for MEDLINE) 
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